Comparisons of the RNA polymerase and capsid sequences of small round structured viruses (SRSVs) have recently shown these are genetically diverse viruses which fall into two distinct groups. The genomes of two group I viruses, Southampton and Norwalk viruses have been characterized; however, similar data for the genetic group II SRSVs have not been available until now. We report here the complete genome sequence of a recent group II SRSV, Lordsdale virus. The Lordsdale virus genome is 7555 nt in length and has a similar organization to the group I SRSVs. The large ORF in the 5' half of the genome (5100 nt) is shorter than the group I SRSV ORF1 (5367 nt), but has the characteristic 2C helicase, 3C protease and 3D RNA polymerase enzyme motifs. ORF2, encoding the structural protein is of a similar size to the group I viruses but the small 3'terminal ORF is significantly larger in group II. A highly conserved sequence of 28 nt was identified at the start of Lordsdale virus ORF1 and repeated at the start of ORF2. These conserved motifs are typical of the animal caliciviruses. Comparison of the 150 N-terminal amino acids in the ORF1 protein revealed little identity between the two SRSV genetic groups, reflecting the shorter ORF1 in the group II virus. Recombinant baculoviruses containing ORF2 and ORF3 sequences were constructed and used to express large quantities of the group II Lordsdale virus structural protein. The capsid protein formed virus-like particles by self assembly which resembled ' empty' SRSVs.
Comparisons of the RNA polymerase and capsid sequences of small round structured viruses (SRSVs) have recently shown these are genetically diverse viruses which fall into two distinct groups. The genomes of two group I viruses, Southampton and Norwalk viruses have been characterized; however, similar data for the genetic group II SRSVs have not been available until now. We report here the complete genome sequence of a recent group II SRSV, Lordsdale virus. The Lordsdale virus genome is 7555 nt in length and has a similar organization to the group I SRSVs. The large ORF in the 5' half of the genome (5100 nt) is shorter than the group I SRSV ORF1 (5367 nt), but has the characteristic 2C helicase, 3C protease and 3D RNA polymerase enzyme motifs. ORF2, encoding the structural protein is of a similar size to the group I viruses but the small 3'terminal ORF is significantly larger in group II. A highly conserved sequence of 28 nt was identified at the start of Lordsdale virus ORF1 and repeated at the start of ORF2. These conserved motifs are typical of the animal caliciviruses. Comparison of the 150 N-terminal amino acids in the ORF1 protein revealed little identity between the two SRSV genetic groups, reflecting the shorter ORF1 in the group II virus. Recombinant baculoviruses containing ORF2 and ORF3 sequences were constructed and used to express large quantities of the group II Lordsdale virus structural protein. The capsid protein formed virus-like particles by self assembly which resembled ' empty' SRSVs.
Members of the human enteric Caliciviridae include SRSVs (or Norwalk-like viruses) and the morphologically 'classical' human caliciviruses. SRSVs are the most important cause of adult epidemic viral gastroenteritis (Kapikian & Chanock, 1990) . Progress in their molecular characterization has been exceedingly difficult because there is no cell culture which supports the replication of these viruses. Preliminary molecular characterization of SRSVs has therefore relied upon the partial purification of virus collected from stool during human volunteer studies (Dolin et al., 1971; Greenberg et at., 1981) . This work has been severely restricted because SRSVs are shed in very low numbers for only a short period during infection. SRSVs have a major structural protein of 59-62 kDa (Greenberg et al., 1981 ;  * Author for correspondence. Fax +44 1703 774316. e-mail ked@soton.ac.uk
The nucleotide sequence data reported in this paper have been submitted to the EMBL/GenBank databases and assigned the accession number X86557. Madore et al., 1986 ) and a polyadenylated singlestranded RNA genome of around 7"6 kb (Jiang et at,, 1990; Matsui et al., 1991) . The genome sequences of Southampton virus (Lambden et al., 1993) , an endemic UK strain, and the prototype Norwalk virus (Jiang et al., 1993) have recently shown that the SRSV genome has three ORFs characteristic of the Caliciviridae.
The availability of the genome nucleotide sequences for Southampton virus and Norwalk virus, and subsequent partial sequences for other SRSV isolates has facilitated the development of primers for RT-PCR detection of SRSVs in clinical specimens by direct amplification of virus cDNA. Sequence analysis of a region of the viral RNA polymerase from many isolates has shown that the SRSVs form two distinct genetic groups Ando et al., 1994; . Further sequencing studies of SRSV capsid genes have confirmed this observation Wang et al., 1994; Lew et al., 1994a) . Southampton virus and Norwalk virus are members of genetic group I and are phylogenetically distinct from the genetic group II SRSVs which include Bristol, Toronto and Hawaii viruses Lew et al., 1994a, b ORF1 encodes the non-structural polyprotein, ORF2 the structural protein and ORF3 a basic protein of unknown function. The shaded areas in ORF 1 represent the 2C helicase, hydrophilic 'region H', 3C protease and 3D RNA polymerase regions. The graph below the genome structure shows the percentage divergence in ORF1 between a genetic group II virus (LV) and a genetic group I virus (SV) . The open boxes along this solid line show the positions of the 2C helicase, region H, 3C protease and 3D polymerase regions in ORF 1. The dotted line is a comparison of ORF1 identity between Southampton virus and Norwalk virus and shows the much lower level of divergence between members of the same genetic group (I).
Surprisingly, this second group has also been reported to contain morphologically typical human caliciviruses (Cubitt et al., 1994) .
The purpose of our work was to characterize the complete genome of a currently circulating UK genetic group II isolate, and obtain expression of the capsid as virus-like particles for the future development of diagnostic tests. The complete genome sequence of a genetic group II SRSV is important as it establishes their overall phylogenetic relationship with the group I viruses, and the interrelationships of the group II SRSVs with other members of the Caliciviridae.
The Group II SRSV particles used in this study were from a single liquid stool specimen collected during a large outbreak of gastroenteritis at Southampton University Hospital in March 1993. The SRSV, designated Lordsdale virus after the location of the outbreak, was the only virus detected in the stool by EM. It was assigned to genetic group II following preliminary RT-PCR analysis of the RNA polymerase region and capsid. RNA extraction from stool, cDNA synthesis, oligonucleotide primer synthesis, PCR and DNA sequencing were performed as described previously .
To characterize the genome of the genetic group II Lordsdale virus, viral cDNA was amplified using several different methods. A total stool cDNA library was constructed using the vector 2ZIPLOX (Gibco BRL) and E. coli Y1090 was infected with the recombinant phage. The library was screened using a2P-labelled Lordsdale virus PCR products (Promega Prime-a-Gene kit); recombinant phage were identified by autoradiography and converted to plasmid pZL1 according to the manufacturer's instructions. A random PCR method was adapted from the procedure of Froussard (1992) and Grothues et al. (1993) to amplify 5' SRSV cDNA of unknown sequence. Specifically primed cDNA was converted into double-stranded cDNA primed with linkerN 7
(5"TAGTACATAGTGGATCCAGCTN73) using Klenow polymerase, then amplified in two successive PCRs using the linker primer versus specific nested primers. The reaction products were cloned into Sinai linearized M13 and sequenced. The Lordsdale virus 5' sequences extending from the RNA polymerase gene to approximately 600 nt from the estimated 5' terminus of the genome were obtained using these two methods.
Tailing of specifically primed cDNA with terminal deoxynucleotide transferase (RACE), followed by PCR amplification was used to define the 5' terminus of the Lordsdale virus genome [5' RACE system (Gibco BRL) with additional custom primers]. The 3' 3 kb of the Lordsdale virus genome was amplified in a single PCR using primers which bind in the RNA polymerase region and to the polyadenylate tail.
The entire genome was re-sequenced directly for both strands using overlapping PCR products amplified from total stool cDNA. Computer analyses of nucleotide and protein sequences were performed using DNASTAR Lasergene programs and sequence alignments using Fast A and CLUSTAL V (Pearson & Lipman, 1990; Higgins et al., 1992) .
The complete Lordsdale virus genome is 7555 nt in length excluding the poly(A) tail, and has provided new insights into the structure, possible function and diversity of the SRSV genome. The Lordsdale virus genome is 153 nt shorter than Southampton virus and 137nt shorter than Norwalk virus (both genetic group I). Three predicted ORFs were identified in the positive sense genomic strand of Lordsdale virus and the overall genome organization was similar to the group I SRSVs. ORFs 1 and 2 overlapped by 20nt creating a -2 frameshift and ORFs 2 and 3 overlapped by 1 nt creating a -1 frameshift; hence ORFs 1 and 3 were in the same (second) frame and ORF2 in the third frame. Interestingly, the Lordsdale virus sequence suggested that previous group I SRSV sequences were incomplete at their 5' termini.
The Lordsdale virus ORF1 was predicted to start at the first in-frame methionine codon located at the fifth nucleotide of the genome, and it encodes a large polyprotein from which functional non-structural proteins are released by post-translational cleavage. Recently, the Southampton virus 5' terminus was redefined and 12 nt, additional to the previously described sequence (Lambden et al., 1993) were found (Lambden et al., 1995) . The Southampton virus ORF1 is now also predicted to start at the fifth nucleotide (Lambden et al., 1995) . Despite this apparent similarity, the Lordsdale virus ORF1 protein is 89 amino acids shorter than Southampton virus; hence the predicted molecular mass of the Lordsdale virus polyprotein was 189 kDa compared to 198 kDa for Southampton virus. Alignment of the predicted translation products of ORF1 from Lordsdale virus and Southampton virus showed that beyond the first seven residues, the two genetic groups share very little amino acid sequence identity for ~ 150 amino acids, after which there is a striking drop in percentage sequence divergence (Fig. 1) . Sequence alignments between the polyproteins of the two genetic groups were only possible starting from proline-72 in Lordsdale virus and proline-145 in Southampton virus (Fig. 2) . Assuming there is functional equivalence between the two polyproteins, this observation suggests that translation of ORF1 may start at an internal methionine, at least 150 amino acids downstream from the first in-frame AUG codon. Until SRSVs can be adapted to growth in cell culture or cells can be transfected with genomic RNA it will remain uncertain which initiation codon is used in vivo. If initiation occurs at an internal methionine this would be suggestive of an IRES mechanism. However, the extreme sequence divergence between groups I and II in this region would suggest two different IRES structures.
Database searches of the Lordsdale virus ORF1 into the SwissProt library were used to identify functional domains in the polyprotein. Characteristic conserved calicivirus polyprotein motifs were found which encode putative helicase, protease and RNA polymerase enzymes, resembling picornavirus 2C, 3C and 3D proteins. The helicase motif GK/PPGIGKT, which is thought to be involved in nucleotide binding was present at amino acids 495-502 (Fig. 2) ; however, the second NTP binding motif DEAD/H, typical of a superfamily of DNA and RNA helicases (Bork & Koonin, 1993) was not found although it has been described in the candidate calicivirus hepatitis E virus (Tam et al., 1991) . The motif GDCG (amino acids 1145-1148) is characteristic of a cysteine protease. The Lordsdale virus cysteine-1147 is predicted to be in the substrate binding pocket and to form a catalytic triad with histidine-1038 and glutamic acid-1062. The functional importance of these residues has been confirmed in rabbit haemorrhagic disease virus (RHDV) (Boniotti et al., 1994) . The conserved histidine (amino acid 1165), 16 amino acids downstream from the GDCG motif defines substrate specificity which in the picornaviruses results in cleavage, often between glutamine and glycine residues (Semler et al., 1981) . The GLPSG and YGDD motifs, characteristic of positivestrand RNA virus RNA-dependent RNA polymerases were identified and are situated between amino acids 1486-1490 and 1530-1533 respectively.
The overall level of polyprotein sequence identity between the genetic group II and group I SRSVs (Lordsdale virus and Southampton virus respectively) was assessed (Fig. 1) . The two curves comparing intraand inter-group polyprotein identity run closely parallel ( Fig. 1 ), suggesting a similar pattern of conserved and divergent sequences. Lordsdale and Southampton viruses share 48 % identity in a 325 amino acid window covering the helicase region (amino acids 331-655), 65 % identity in 263 amino acids of the protease region (977-1239) and 64 % identity from the conserved RNA polymerase motif LKDEL (1354-1359) to the 3' terminus of the polyprotein at amino acid 1699. These represent peak identity levels as elsewhere in ORF1 the two groups share as little as 25 % amino acid identity. Between the helicase and protease motifs, 23 fewer amino acids were found in Lordsdale virus compared to Southampton virus. However, the spacing between the protease and RNA polymerase is identical in both groups; therefore these conserved motifs are found in similar positions in both the group I and group II SRSVs, and in the same order as in the picornavirus polyprotein. A highly hydrophilic region in the Lordsdale virus polyprotein, designated region H (amino acids 830-1015) was identi- DVSNFi ASLL~EHL~EDCARDCVPV~LGGi GCAZGFTRDKVTKVMKSAVDGCR~J~TQCGQYGCEi F fled by computer analysis; it had 25 % acidic residues and was located between the 2C helicase and 3D RNA polymerase regions (Fig. 2) . The troughs between the helicase and region H (Fig. 1 ) are suggestive of a functionally important region between the 2C and 3C regions. Jiang et al. (1993) observed that another protein of up to 300 amino acids could be encoded between the 2C-and 3C-like protein of Norwalk virus as these motifs are further apart than in the picornaviruses. The same is true in the group II Lordsdale virus. Region H is located in this area of the genome, but no function could be assigned on the basis of alignment with the SwissProt Database, although the equivalent region of the picornavirus protein encodes the VPg. RHDV has a 15 kDa VPg covalently linked to the genomic and subgenomic messenger RNA (Meyers et al., 1991 b) and it is possible that the SRSVs also encode a VPg. Although the location of VPg in the calicivirus polyprotein is unknown, analogy with the picornaviruses and the peak in SRSV identity preceding the protease suggests that the SRSV VPg may be located here.
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No further motifs were found which could be used to assign functions to other parts of the polyprotein, but potential polyprotein cleavage sites around the helicase region were identified in Lordsdale virus. The sequence *YELQGP (amino acids 326-332; Fig. 2) where * represents an acidic residue appears to be significant because the same sequence is repeated at amino acids 692-698. A similar motif, *--LQGP, is also conserved in the same positions in Southampton virus and Norwalk virus (except for a P to K substitution in the second motif in Southampton virus). These sequences all contain a glutamin~glycine pair, which is the preferred cleavage site of the picornavirus 3C protease. An autocatalytic peptide has also been identified in the aphtho-and cardioviruses which self-cleaves at its glycine-proline bond (Dougherty & Semler, 1993) . In both cases the surrounding residues are of conformational importance and form a recognition sequence for the protease. Cleavage at this position in the Lordsdale virus ORF1 would release a ,-~ 370 amino acid protein containing the 2C helicase motif, 30-60 amino acids larger than the picornavirus 2C helicase.
The Lordsdale virus 5'-terminal 28 nt and the sequence starting 4 nt proximal to the ORF2 initiation codon are very similar, with only three nucleotide differences. This has recently been found in Southampton virus (Lambden et at., 1995) and the precise sequences, although very similar, are specific to each virus group. The animal caliciviruses feline calicivirus (FCV) and RHDV also have a high level of 5' sequence conservation between their genomic and subgenomic messenger RNAs (Carter et al., 1992; Meyers et al., 1991a) . This feature of the SRSV genome strongly suggests that ORF2 is translated as a subgenomic message. Jiang et al. (1993) detected an RNA of over 2 kb in the stools of a volunteer infected with Norwalk virus, providing preliminary experimental evidence of a SRSV subgenomic messenger RNA. All of the complete calicivirus genomes start with the nucleotide sequence pGpT, which may have functional significance.
The second ORF of Lordsdale virus was predicted to start at nucleotide 5085, in contrast to Southampton virus and Norwalk virus where ORF2 starts at positions 5355 and 5346, reflecting their larger ORFls. Comparative sequence analyses and dendrogram construction using the eight available SRSV capsid sequences (data not shown) confirmed the classification of Lordsdale virus in genetic group II and revealed it was most closely related to Bristol virus, being of identical size and sharing 99-8 % sequence identity. The Lordsdale virus capsid protein had 539 amino acids compared to 546 and 530 for Southampton virus and Norwalk virus respectively and its predicted molecular mass was 58'7 kDa compared to 59.0 kDa for Southampton virus and 56.6 kDa for Norwalk virus. Capsid amino acid sequence identity was approximately 43 % between Lordsdale virus and the group I SRSVs.
The predicted 3'-terminal third ORF found in Southampton virus, Norwalk virus and Bristol virus as well as other caliciviruses was also identified in Lordsdale virus. The biological function of this hypothetical protein remains unknown. In the two group II SRSVs in which it has been completely sequenced (Bristol virus and Lordsdale virus), the predicted ORF3 protein is 268 amino acids long, and has a predicted molecular mass of 30.9 kDa, significantly larger than the group I viruses as Southampton virus and Norwalk virus have a predicted ORF3 protein of 22-5 kDa. The ORF3 protein sequences of the two genetic groups were also very distinct, sharing only ~ 30 % amino acid identity. This ORF is the most variable in size throughout the Caliciviridae, and in R H D V and FCV it is much smaller than the SRSVs; however, in all cases it is predicted to encode a basic protein which may therefore have a role in binding to nucleic acid.
Recombinant baculoviruses were constructed containing the Lordsdale virus cDNA ORF2, ORF3 and 3' UTR sequences, with the aim of achieving expression of virus-like particles. The required 2.4 kb sequence was amplified as a single PCR amplicon using Thermoprime (Advanced Biotechnologies). Viral cDNA was primed using linkerT20VN (5'TAGTACATAGTGGATCCAG-CT20VN 3') and amplified with primers LV7 (5'ATGGATCCATGAAGATGGCGTCGTCGAATGA;
the region shown in bold represents the start of ORF2) and the linker primer (5'TAGTACATAGTGGATCC-AGCT3 Following three rounds of single plaque purification a high titre stock was prepared and the level of expressed capsid protein analysed by SDS-PAGE of cells and supernatant. The estimated concentration of recombinant Lordsdale virus structural protein in the recombinant baculovirus infected Sf9 cells was 0-5 mg/ml at 7 days post-infection, and large numbers of self assembling virus-like particles were detected in the cell culture supernatant by direct EM. Recombinant particles were penetrated by the phosphotungstic acid stain, suggesting that the recombinant capsids lack nucleic acid (Fig. 3) .
These particles clearly resemble 'empty' SRSVs. The Norwalk virus structural protein has been similarly expressed (Jiang et al., 1992) , and a 34 kDa capsid protein cleavage product was additionally observed in the insect cells. This could have been generated by a cellular protease as it was not present in intact Norwalk virus particles and was not observed when the Lordsdale virus structural protein was expressed in insect cells. Both the Lordsdale virus and Norwalk virus recombinants contained ORF3 cDNA sequences, but no protein of the predicted size was expressed in insect cells at levels that could be detected by SDS PAGE and gel staining techniques, suggesting ORF3 is not a structural protein. PAGE analysis did not detect expressed products of the predicted ORF3 protein size, 30.9 kDa, in either the Sf9 cells or the culture supernatant. Transfection of cells in culture with full-length cDNAs from SRSVs of both genetic groups will represent an important step towards understanding the replication of these fastidious viruses. The production of polyclonal antisera and monoclonal antibodies to purified expressed virus-like particles will also provide an invaluable resource for understanding both the molecular biology and epidemiology of SRSVs, and help in the development of improved diagnostic tests for these important human pathogens.
